The haemoglobin level of infants during the first year of life usually shows certain clearly marked phases. These are:-a sharp drop from the high level at birth to a figure in the neighbourhood of half this value by the third month of life; a rise from this age till the sixth month of life; a second fairly steady fall continuing until after mixed feeding has been started, and then a slow and rather irregular rise"9. It is the purpose of this paper, by bringing together our own results and those of other investigators, to show, or suggest, a sequence of causes producing these changes in haemoglobin level. Many of the conclusioiis reached, however, must at present be regarded as tentative.
Average curve for first year.--First let us consider in greater detail the ordinary haTmoglobin curve for the first year of life for a breast-fed baby (Graph I). The absolute haemoglobin values are of minor importance for our present purpose, since they may vary greatly in individuals as well as with different technique for estimation, but changes in level occur at similar ages in nearly all babies and it is on these we now wish to concentrate*.
At birth the haemoglobin percentage averages, according to our data, about 146; it then drops rapidly, especially during the first week of life, so that by one week old it reaches 131, and tby 2 to 3 months old 73. For the next three months it is usually rising, reaching an average level of 78 at 5 to 6 months old. Then it drops slowly till it reaches 73 at 10 to 11 months. It should be noted that these figures are average values, and consequently do not show the magnitude of the rise and fall in level commonly met in individuals. For example, the rise (without treatment) between about the third month and the sixth month of life is fairly frequently 15 per cent., and may be over 25 per cent. (Graph I, Cases 1-4; Graph II, Case 6) ; but because of the varying ages at which the rise begins and ends (or in other words the varying ages at which the highest and lowest levels occur in different individuals), its extent is masked by taking an average figure for each month of life. These figures refer to breast-fed babies without any infections. Table 1 shows the new-born babies in our series arranged in groups of similar birth weight. Since all the babies were healthy infants in one maternity hospital, it seems legitimate to assume that the higher the birth weight the greater the average intra-uterind-age, or at least the greater the average degree of maturity at birth. If this be so, then the more mature new-born babies have a lower haemoglobin level than the less mature; so either blood production diminishes or blood destruction increases in late intra-uterine life. Probably both factors play a part.
To consider blood production first: -In the foetus of 4 to 6 months, the number of immature red cells, e.g., nucleated cells and reticulocytes, is very 254 ARCHIVES OF DISEASE IN CHILDHOOD large2'9, and presumably blood formation is rapid to keep pace with the rapid growth of the foetus. The reticulocytes and nucleated cells present in the full term baby at birth, though much in excess of adult figures4' 25, are far fewer than in the young foetus, and considerably fewer than in the premature babies2. If we assume that the number of reticulocytes in circulation is a rough indication of the rate of blood production, these facts suggest, as might be expected, that the rate of new red-cell formation is slowing down with the diminished rate of growth as the age of the foetus increases. Nevertheless, there is also evidence to suggest increased blood destruction. In heemolytic aneemias, as is well known, the bilirubin in the blood is raised as a result of haemolysis. In the umbilical vein at birth (whether the infant is delivered by the normal passages or by Caesarian section), the bilirubin is very much higher than in adult blood. Hampsonl" finds an average of 1 in 75,000 in foetal blood as compared with 1 in 400,000 in adult blood; and his figures suggest, though the total number of pr'emature infants and foetuses examined was not large, that between 14 weeks' gestation and term the bilirubin in the foetal blood steadily increases. His figures are:-14 weeks foetus, no bilirubin in blood plasma; 20 weeks foetus, bilirubin definitely present; 28 weeks, marked positive van den Bergh; 34 weeks, bilirubin 1 in 150,000; 36 weeks (2 cases), bilirubin 1 in 130,000 and 1 in 120,000; 38 weeks, bilirubin 1 in 100,000; and, at full term, bilirubin 1 in 75,000. Hence there seems little doubt that during the latter part of pregnancy there is increased foetal blood destruction. If we assume that the high haemoglobin level at birth is necessitated by the low oxygen tension of foetal blood, and the drop after birth is in response to a sudden rise in oxygen tension at this time, then it seems legitimate to suppose that the probable explanation of the increased hawmolysis which apparantly occurs during late intra-uterine life is a gradual improvement in the oxygenation of the foetal blood during this period. Whether there is any anatomical or experimental evidence to support the suggestion the author has not discovered.
Fall in first three months: variation with birth weight.-During the first 6 weeks of life the drop in red cell count and haemoglobin level is usually rapid.
It is generally mnost rapid in the first week, the average drop for our cases being 14 hence the more rapid the fall in their red cells is presumably, at least in part, the result of the greater proportion of immature cells in their blood.
The possible influence of an anti-haemolytic hormone in controlling the rapidity of the initial drop in red cells is of considerable interest. Hampson"' suggests that the mother's liver may normally provide the foxtus wvith such ' further delay in the assumption of hepatic efficiency,' and that it is a pathological exaggeration of the ordinary physiological (haemolytic) jaundice. Hampson 10, 11 has demonstrated conclusively that injection of the serum of a normal adult into an infant suffering from this form of jaundice with aneemia will usually cure: hence it seems probable that the adult serum supplies the infant with some factor controlling h2emolysis. Moreover, in one case of familial icterus gravis neonatorum he showed that the fragility curve of the red blood cells was of the infantile type, but showed haemolysis in excess of the average for the new born; whereas on mixing the infant's cells with adult serum (his own or the mother's), he diminished haemolysis and obtained a curve which approximated to the adult type. It seems probable that injection of adult blood will also arrest haemolysis in so-called congenital anaemia of the new born12, a condition apparently closely related to familial icterus gravis. Thus there is a good deal of evidence to support his hypothesis of an anti-haemolytic hormone which normally prevents excessive blood destruction in the new-born child. However, it seems the problem cannot yet be considered definitely settled, since Goldbloom and Gottlieb' have been unable to demonstrate any anti-haemolytic agent in the mother's blood when her serum is added to the washed corpuscles of the infant.
CAUSES OF THE FALL BETWEEN ONE WEEK AND THREE MONTITS.-By one week old the more fragile cells in the blood have apparently been destroyed, for by this age the hlemolysis curve of the infant's corpuscles in hypotonic saline approximates to the curve for adult blood8. But, as already shown, the red cell and haemoglobin level continue to fall until about the third month of life and in many cases, especially in babies small at birth, reaches levels so low that they must be considered pathological. Is, then, this continued fall due to continued blood destruction, or is it due to diminished blood production, or to both? Hampson'' finds excess of bilirubin in the blood until one month of age, and the figures given by Lucas and his co-workers suggest that in some babies the fall in bilirubin may be slower. Hence excessive blood destruction presumably continues throughout the first month.
For evidence of activity in the blood-forming organs, we may consider the number of reticulocytes in the blood. At birth it is agreed that this is high, but within one or two weeks after birth the number has dropped to a figure approximating to that for adult blood4' 25, and apparently remains fairly stationary until the fourth week. Thereafter, from the fifth to the 258 ARCHIVES OF DISEASE IN CHILDHOOD eighth week it rises steadily2'. van Creveld and Heybroek"0 find a similar fall and subsequent rise in the reticulocytes of premature babies. This appears to support the view that during the first month of life the rate of blood production is normally much diminished, but that after this time it again increases. Schiff and Joffe"7 give some interesting figures for three premature babies. These babies were treated with copper, but if we assume that copper given alone was without effect on the red cells (and such an assumption seems justified by the work of Josephs" and others), we can regard these as untreated cases. In the first month of life the percentage of reticulocytes in the blood of these infants was 12 to 10, but between 1-to 2 months old it rose as high as 23 to 40, suggesting that during this time, when in each baby the red cells and haemoglobin percentages were dropping, the organism was making a great effort to balance this excessive blood destruction. Moreover the following case suggests that if the rate of blood destruction is far in excess of normal during the early weeks of life, blood production will continue from birth onwards, at a high level to make good the excessive destruction. The case was one of icterus gravis neonatorum observed by Ockel25, and the reticulocytes were maintained at a similar level to that at birth until the eighteenth day when the child died. Similar high reticulocyte counts in icterus gravis are quoted by other authors. Contrast this with the figure for normal babies in whom Friedlander and Wiedemer4 find about 14,000 to 28,000 reticulocytes per c.mm. at birth and 0 to 25 by the ninth day. The above findings taken together suggest that (a) the drop in haemoglobin from birth to about the third month is primarily due to destruction of red cells; but that (b) normally during the first month when the cells are presumably in excess of the body's requirements and hbTmolysis is physiological, cell production is diminished; and that (c) after the first month cell production again increases, though it does not usually balance destruction until the third month of life. If, however, in the first weeks of life destruction produces a red-cell level which is pathologically low, increased production comes into play at once.
Trought2' has demonstrated an interesting fact about the haemoglobin of new-born infants. The haemoglobin of the new born, or a proportion of it, differs in chemical composition from the haemoglobin of the human adult, and this embryonic type of haemoglobin continues to be present in the blood until at least 11 months of age, and perhaps longer, as her series contained no babies between 11 and 4-1 months of age. By 41 months all the. hgemoglobin is of the adult type. The significance of this observation is not yet known. It may be that blood destruction continues until the body is rid of the whole of the embryonic heemoglobin. In favour of this view is the fact that the embryonic hawmoglobin is present during the period after birth when hawmolysis outstrips blood formation: whereas, by 4 months old, when the normal red cell building has outstripped destruction, the whole of this embryonic hfemoglobin has been replaced by the adult type.
It seems unlikely that the drop in red cells in the first two to three months of life is associated with any nutritional deficiency: some writers"6 have claimed to improve the haemoglobin level in the second and third months of life by giving iron, but satisfactory proof of this is wanting3". Moreover, if iron or any other nutritional deficiency, were a limiting factor at this age, it seems probable that the babies who grown most rapidly would show the most marked deficiency, and hence the lowest haemoglobin levels. But Dr. Bradford Hill"9 examining our data, could find no statistical evidence to indicate this, that is he failed to find any correlation between rate of growth -(for constant birth weight) and the haemoglobin level at 24 to 31 months old.
Two other facts which also contra-indicate any theory of iron deficiency are: first, that recent investigations have shown that the iron store in the liver increases up to two months of age;' (see next section); and secondly, that if anaemia develops in the first three months of life it is characterized by a reduction in red cells and in hwemoglobin alike"7, and is not of the chlorotic type usually associated with iron deficiency.
The problem of abnormally low haemoglobin levels in the first three months of life would be simplified by finding an effective means of prophylaxis. Abt and Reynolds' claim that iron together with a ' secondary aneemia liver extract ' (prepared as suggested by Whipple and Robbins) is of prophylactic value in the anaemia of premature babies in the first half year of life; but its effect during the first three months is not established by their published data, and after three months of age we know that iron alone begins to show its prophylactic value in some infants (Graph II).
It is evident that further information about the drop in haemoglobin level in the first three months of life is required. This might be obtained by studying the possible prophylactic value of injections of adult blood. Such an investigation is now being carried out.
Rise between the third and sixth month. -Whatever factors may control the rapid diminution in red cells in the early weeks of life, they are usually checked at two or three months of age; and even in premature infants and small twins (Graph I, Cases 3 and 4), from about this age redcell formation outstrips destruction and more than keeps pace with the growth of the infant. Thus from about the third to the sixth month there is, in nearly every infant, a rise in the haemoglobin level and a proportionately greater rise in the red-cell count. Lichtenstein's'7 series of premature babies showed between the third and sixth months an average rise of nearly two million in the red cells, and by six months old they were suffering from an anaemia of the chlorotic type because red-cell formation had outstripped haemoglobin formation.
In this connection the work of Gladstone" is of great interest. He found that from two weeks to two months of age there is an accumulation of iron in the infant liver and spleen over and above the store present at birth, but 260 ARCHIVES OF DISEASE IN CHILDHOOD after this age the excess diminishes and by four months of age has disappeared. The inference seems clear. The infant organism has been conserving from the early weeks of life iron and possibly other products of the breakdown of corpuscles, and as soon as the causes producing a fall in haemoglobin level are checked, this iron is steadily transferred from the depots in liver and spleen to the new red-blood corpuscles which are being put into circulation, and somewhere round the third month the htemoglobin level begins to mount. By four months of age, however, the obvious excess of iron has disappeared from the liver, and since the infant's diet, namely milk, is very poor in iron a deficiency of this substance is likely to occur with a consequent check in the rise of the haemoglobin level soon after the store has given out. Sometimes the need for extra iron occurs as early as three months, for iron treatment begun under two months will produce in the fourth month a higher average haemoglobin level than is found in untreated babies (Graph II). Iron administration will in many infants accelerate and increase the rise ordinarily occurring without treatment after the third month, and with such treatment a rise of over 30 per cent. may sometimes occur in one month (Graph II, Case 5 Bradford Hill" has shown that from 6 to 12 months old the haemoglobin level is correlated with the rate of growth; babies who have made the largest percentage increase in weight over their birth weight tend to have the lowest haemoglobin levels. Rapid growth together with presumably excessive hawmolysis in the first two months of life are almost certainly the main causes predisposing to nutritional anaemia in babies small at birth; they grow relatively faster than babies of higher birth weight, and consequently exhaust their iron store earlier, and so may show the effects of iron deficiency from any age after about three months. Ante-natal iron deficiency in the mother is another cause of early exhaustion of the iron store in the infant, with consequent anaemia 8.
So far no account has been taken of the possible part played by copper and other mineral or organic deficiencies in this common nutritional anemia of babies. This must not be taken to imply that iron is always the only deficiency, but, as shown in another paper21, there are reasons for supposing that copper deficiency is seldom present in the nutritional anaemia in babies. The fact that large doses of inorganic iron, far in excess of the amount utilized by the baby, are desirable in treatment, is apparently due to deficient absorption12. This is not the place to discuss the relatively uncommon type of nutritional anaemia due to deficiency of vitamin C, nor of the forms of ansemia, probably partly nutritional in origin, which may arise as a result of lesions affecting the digestive tract, nor again of the anaemia associated with deficiency of internal secretion from the thyroid gland; but, of course, any of these may occur in infancy and complicate the picture already described.
The rise in haemoglobin on a mixed diet.--In our study of nutritional anaemia in infancy we found that towards the end of the first year of life a certain number of infants showed a slow and usually irregular rise in their hawmoglobin level. This is evidently due to their receiving a mixed diet and thus considerably increasing their iron intake. It is worth noting, however, that the rise in haemoglobin level on an ordinary mixed diet is often delayed, and is, moreover, greatly inferior to that usually obtained by giving an inorganic iron salt '9. Elvehjem' has drawn attention to the inferiority of organic iron to inorganic iron in the treatment of ' Conclusions.
An attempt has been made from the data available to relate the usual variations in haemoglobin level during the first year of life to their causal factors. Some of the conclusions are tentative, but the suggested hypotheses may serve to stimulate further investigation.
The high haemoglobin level of the new-born infant is known to be related to the low oxygen tension of the blood of the foetus in utero7 and its consequent need of a relatively greater amount of hawmoglobin. Hwmolysis of red cells apparently exceeds red-cell formation during late intra-uterine life, as shown by the presence in the new-born infant's blood of bilirubin considerably in excess of adult figuresS' 10; and the fact that infants larger, and presumably more mature, at birth tend to show on the first day of life lower haemoglobin percentages in their blood than do smaller infants. Increasing the oxygen tension of the blood has been shown to produce in animals a drop in red-blood cells with a rise in bilirubin7, which suggests that this intra-uterine haemolysis may run parallel with improving oxygenation of the foetal blood during the latter part of intra-uterine life. -The rate of red blood cell production presumably decreases during the latter part of foetal life since reticulocytosis diminishes towards term25.
VARIATION IN HAMOGLOBIN LEVEL
263 drop in hmoglobin level between birth and two or three months of age, e.g., a drop to less than 50 per cent., such as may not infrequently be seen in premature infants.
Iron derived from haemolysis of red cells in the early weeks of life augments the original store present in the liver and spleen at birth5, and is utilized during the period of a rising haemoglobin level, namely between about the third and sixth month of life. This store, however, quickly becomes depleted, especially in infants whose rate of growth has been rapid; and consequent iron deficiency often retards the rise and usually causes a slow drop in hamoglobin level after the sixth month of life. Towards the end of the first year of life a slow spontaneous rise in haemoglobin level may again occur, resulting from increased iron intake due to a mixed diet.
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